In situ differential ellipsometry measurements are used to investigate the plasma oxidation dynamics of subnanometer Al layers in real time. An analysis of the measured oxidation rate allows us to monitor the conversion from Al to Al 2 O 3 in real time and mark the onset of the CoFe electrode oxidation. In situ x-ray photoelectron spectroscopy ͑XPS͒ measurements of identical samples that were plasma oxidized for 3 s are used to confirm the ellipsometry results. A linear relationship was found between the amount of Al 2 O 3 determined from the XPS data and the amount of oxidized Al derived from the ellipsometry data. From this, we conclude that the conversion from Al to Al 2 O 3 of subnanometer thin barriers for magnetic tunnel junctions can be observed by using the derivative of the ellipsometer signal. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2159419͔
Magnetic tunnel junctions ͑MTJs͒ can be used as bits for information storage, and serve as the basic elements of magnetic random access memories ͑MRAMs͒. The surface area of MTJs has to decrease to sub-0.01 m 2 to achieve a high enough areal density, in order to substitute the current RAM technologies by MRAMs. 1 A MTJ consists of a thin insulating barrier, usually Al 2 O 3 , sandwiched between two ferromagnetic layers. The relative alignment of the magnetization in the ferromagnetic layers determines the tunnel current that flows through the barrier; this is known as the magnetoresistance ͑MR͒ effect. 2 The thickness of the barrier for a MTJ is typically thinner than a nanometer for junctions with a surface area of 0.01 m 2 or less, to ensure a proper tunnel current. Excellent control over the oxidation of subnanometer thin Al layers is of the utmost importance. The spin polarization of the current will be diminished by the presence of metallic Al in or at the barrier. 3 Conversely, if the bottom electrode is oxidized, the ferromagnetic oxide that is formed will scatter the spins. In both cases, the MR of the MTJ decreases.
In this paper, we report on in situ differential ellipsometry measurements that were used to investigate the plasma oxidation dynamics of subnanometer Al layers. We were able to monitor the conversion from AlO x to Al 2 O 3 and determine the start of the overoxidation of the Al 2 O 3 barrier by analyzing the oxidation rate. We performed in situ x-ray photoelectron spectroscopy ͑XPS͒ measurements of similar samples that were plasma oxidized for 3 s, to verify our conjecture. The results indicate that with in situ real-time differential ellipsometry, excellent control over the plasma oxidation process of subnanometer Al layers is possible.
To fabricate the subnanometer Al 2 O 3 barriers, we deposited 50 Å Ta/ 50 Å Co 90 Fe 10 / d Al ͑with d ranging from 4 to 9 Å͒ on a Si͑001͒ / SiO x substrate. We grew the samples with an ultrahigh vacuum dc magnetron sputtering system, with a base pressure of Ͻ10 −8 mbar. The layers were grown at a rate of approximately 0.5 Å / s in ϳ10 −2 mbar argon gas. For the plasma oxidation, the samples were transported to a separate chamber connected to the sputter system. In the oxidation chamber, the samples were plasma oxidized in an oxygen background of roughly 0.1 mbar and at a power of ϳ5 W.
The plasma oxidation dynamics of the Al layers is monitored in real time with an in situ differential ellipsometer. The 2f signal of the ellipsometer, which is described in detail by Leclair et al. , is approximately linearly proportional to the amount of oxidized metallic material. 4 In Fig. 1 the ellipsometry signal ͑ES͒ is plotted as a function of time for samples with Al layers ranging from 4 to 7 Å. When the oxygen gas is let into the chamber, at time t = 0 s, the initial oxidation rate is high, indicated by the distinct rise of the ES. For the samples with Al layers ഛ6 Å, the ellipsometry measurements clearly show a point of inflection after a few seconds, indicating a change in the oxidation rate. Since the oxidation rate of a single layer decreases monotonously, 5 this can be interpreted as the start of the overoxidation of the Al 2 O 3 . To analyze the changes in the oxidation rate in more detail, we calculated the derivative of the ES, because the derivative is a direct measure of the oxidation rate. Figure 2 shows the oxidation rate for the samples with Al layers ഛ7 Å. Figure 2 does not include the startup phase, in which instantaneous thermal oxidation of the Al surface takes place. This phase, which lasts about 1.5 s, starts when the gas is let into the chamber and the plasma is ignited and stabilizes. 6 Here we describe a model, developed by Kuiper et al., distinguishing separate steps in the plasma oxidation of subnanometer thin Al layers. First, the surface of the sample instantaneously oxidizes. Then, oxygen diffuses through the Al grain boundaries to the CoFe/ Al interface. After that, the Al diffuses to the oxygen at the grain boundaries and a conversion from substoichiometric AlO x to stoichiometric Al 2 O 3 takes place. When stoichiometric Al 2 O 3 is formed, the oxygen accumulates at the CoFe/ Al interface. This can be followed by oxidation of the CoFe, if there is an excess of oxygen. 7 On the basis of this stepwise oxidation model, the features of the oxidation rate in Fig. 2 are analyzed.
The overall oxidation rate is faster with decreasing Al thickness, as can be seen in Fig. 2 . This is probably due to the higher density of grain boundaries in thinner layers, caused by the grain size dependency on the deposited layer thickness. 8 Furthermore, in Fig. 2 the oxidation rate of all samples reaches a maximum. In accordance with the results by Kuiper, we assume that the CoFe/ Al interface is reached at this maximum. After the maximum, the oxidation rate slows down until a minimum is reached at time t = i , with i an index number indicating the Al thickness in Å. We believe that this is the phase in which the conversion from AlO x to Al 2 O 3 takes place. The oxidation rate increases again after time i , implying that as of that moment the overoxidation of the tunnel barrier starts. After 3 s of plasma oxidation, only the sample with 4 Å Al should be overoxidized. We used in situ XPS measurements to confirm the ellipsometry results, and particularly examine the conversion from substoichiometric AlO x to stoichiometric Al 2 O 3 barriers.
XPS has been previously used to study thin AlO x -based tunnel barriers. 9 With an information depth of a few nanometers, XPS serves as a surface-sensitive analysis method. We used identical samples that were plasma oxidized for 3 s for the XPS measurements. Within 10 min the chamber was pumped down to a base pressure of Ͻ10 −9 mbar and the samples were transported to the connected XPS chamber. We used Mg K␣ radiation with an energy of 1253.6 eV to ionize the atoms. Figure 3͑a͒ shows the O-1s XPS spectra of the samples of 4 -7 Å Al that were oxidized for 3 s. As a reference, the spectrum of a sample that was transported to the XPS chamber directly after growing the Al layer is also shown. This spectrum of the unoxidized sample shows virtually no trace of oxygen in the Al environment. In comparison to the unoxidized sample, the samples that were oxidized do show a peak indicating that the Al layer is oxidized. With decreasing thickness of the Al layer, the position of these peaks show a clear shift from higher to lower energy. The peak position of the sample with 4 Å Al is at the binding energy of the O-1s electron in stoichiometric Al 2 O 3 ͑531.6 eV͒, indicated with the dotted line.
The Al-2p spectra of the samples of 4 -7 Å Al are shown in Fig. 3͑b͒ . The reference spectrum of the unoxidized sample is also shown, the dashed line at the peak position indicates the binding energy of metallic Al ͑72.7 eV͒. Furthermore, a dotted line is drawn at the binding energy of the Al-2p electron in stoichiometric Al 2 O 3 at 74.7 eV. In comparison to the peak of the reference spectrum, all the Al-2p peaks in Fig. 3 are broadened. Furthermore, the peaks also show a clear shift toward the dotted line analogous to the O1s peaks. For 4 Å Al the peak position coincides with the dotted line pointing out that stoichiometric Al 2 O 3 is formed. We tentatively explain the gradual shift of the peak positions by the changing of the Al layer from AlO x into stoichiometric Al 2 O 3 . To what extent this conversion to Al 2 O 3 is completed can be determined from the ratio of the oxidic and metallic Al-2p peak areas in the spectra. We subtracted a Shirley background to obtain the Al-2p peak areas, and, while taking the escape depth of the electrons into account, used a standard Gauss+ Lorentz curve fitting of the Al-2p peaks.
Once we determined from the XPS data to which extent the Al is converted to Al 2 O 3 , our assumption of the start of the overoxidation of the barrier can be verified. For this veri- 
For the samples with 4 -7 Å Al, the XPS data of 3 s oxidation and the ellipsometry data are shown in Fig. 4 . A linear relationship through 0 with slope 1 is expected between the amount of Al 2 O 3 determined from the XPS data and the amount of Al that was oxidized from the ellipsometry data, and is indicated in Fig. 4 . For the sample with 4 Å Al, XPS as well as the ellipsometry measurements showed complete oxidation of the barrier. The ellipsometry measurements underestimated the value of the 5 and 6 Å Al data points. This deviation can be explained by an initial oxide, because an ellipsometry measurement only monitors the change in the amount of Al, whereas with XPS the total amount of Al that is still left is measured. This should also apply for the 7 Å Al sample, however, for this sample the value of the ellipsometry measurements is higher than that of the XPS. A reason for this can be the uncertainty in the determination of the exact onset time 7 . In addition, given the small slope of the ES for the 7 Å Al sample in Fig. 1 , a slight inaccuracy in determining ⌬ 7 and ⌬ 7 can give a substantial error in the estimation of percentage oxidized Al. In any case, the XPS and the ellipsometry data are in good agreement. Therefore, we conclude that the conversion to stoichiometric Al 2 O 3 of the subnanometer thin barriers for MTJs can be observed by recording the derivative of the ES. Accordingly, in situ real-time differential ellipsometry can be applied for monitoring the plasma oxidation dynamics in subnanometer Al layers and is potentially applicable as an industrial process control.
